Candida albicans is an opportunistic human pathogen causing both superficial and disseminated diseases. It is a dimorphic fungus, switching between yeast and hyphal forms, depending on cues from its microenvironment. Hyphae play an important role in the pathogenesis of candidiasis. The host's response to Candida infection is multifaceted and includes the participation of granulocytes as key effector cells. The aim of this investigation was to study host gene expression during granulocyte-Candida interaction. Effector cells were generated by the granulocytic differentiation of HL60 cells. The resulting cell population was shown to be morphologically and functionally equivalent to granulocytes and is therefore referred to as HL60 granulocytoids for the purposes of this study. Gene expression profiles were determined 1 h after hosts were infected with C. albicans. Three Candida-granulocytoid ratios were chosen to reflect different degrees of HL60 granulocytoid inhibition of C. albicans. The data demonstrate that at the high pathogen-host ratio, C. albicans modulated the HL60 granulocytoid's response by downregulating the expression of known antimicrobial genes. In addition, looking at the expression of a large number of genes, not all of which have necessarily been implicated in candidastatic or candidacidal mechanisms, it has been possible to describe the physiological response of the HL60 granulocytoid to an infectious challenge with C. albicans. Finally, some of the observed changes in HL60 granulocytoid gene expression were investigated in freshly isolated human polymorphonuclear leukocytes infected with C. albicans. Similar changes were seen in these primary human cells, lending support to the validity of this model.
and killing of C. albicans by neutrophils (1, 2, 19, 21, 50, 69, 73) .
C. albicans is a dimorphic yeast that uses environmental cues to switch between yeast and hyphal forms (58) . There is a great deal of interest in the relative contribution of the two morphological forms to virulence (39, 48, 52) . The hyphal form is thought to be virulent because of its ability to penetrate tissues. Supporting this, deletion of genes that promote hyphal formation result in strains that are reduced in virulence or nonvirulent (42, 47, 63) . Peripheral blood leukocytes are known to inhibit C. albicans hyphal elongation (33) . Since hyphae represent a virulence factor, the ability of professional phagocytes to inhibit hyphal growth may represent a key element of the defense mechanisms employed by the host. It was therefore of interest to study this phenomenon in greater detail.
Granulocytic differentiation of the HL60 myelomonocytic cell line provides a useful in vitro model of infection (29) . HL60 cells were isolated from the peripheral blood of a patient with acute promyelocytic leukemia (11, 25) . Although the immature HL60 population is predominantly composed of promyelocytes, there is also a small percentage that are more mature, displaying morphological characteristics of myelocytes, metamyelocytes, and banded and segmented neutrophils. Functionally, however, the population is unable to exert either microbicidal or tumoricidal effects (29) . Upon treatment with dimethyl formamide, dimethyl sulfoxide, or retinoic acid, the cells differentiate along the granulocytic pathway. Differentiation is accompanied by striking morphological changes (10, 13, 29, 53) . The cells stop proliferating, and the nucleus becomes pyknotic and polymorphic. Furthermore, there is a dramatic increase in the superoxide anion and hydrogen peroxide production capability of the cells, which are among the most important known microbicidal products of granulocytes. There is also a concomitant increase in their ability to phagocytose (12, 24) .
In support of the observed microbicidal activity, the cells express a number of genes associated with these functions (61) . The neutrophilic differentiation of HL60 cells thus provides an attractive and widely used model for studies of granulocytes (7, 12, 29) . However, it is important to recognize that it is a model and along with several similarities with human polymorphonuclear leukocytes (PMNL), there are also qualitative and quantitative differences, for instance, in global gene expression patterns (32) and in the presence of secondary granules (55) . Our studies have verified the granulocytic nature of the dimethyl formamide-differentiated cells with respect to their interaction with C. albicans. Therefore, for the purposes of this study, it is justified to use them as a model system to investigate the interaction of granulocytes with Candida. We refer to them as HL60 granulocytoids in this report.
We wanted to determine changes in expression profiles of these granulocyte-like cells during an interaction with C. albicans. Recent reports of the use of such comprehensive approaches to study host-pathogen interactions have provided insight not only into the defense mechanisms used by the host but also strategies used by the pathogen to overcome them (17, 68, 71) .
We report a striking change in the host gene expression profile during the interaction with C. albicans. These include a number of changes underlying the induction of an inflammatory response and cell fate determination. Based on experiments at different multiplicities of infection (MOIs), we present evidence that C. albicans may modulate these responses. Furthermore, to examine the validity of the HL60 granulocytoids at the level of gene expression, semiquantitative reverse transcription (RT)-PCR analysis was used to probe the expression of some of the most relevant genes in primary human cells during their interaction with C. albicans.
(Part of this information was presented at the First Montréal Microarray Workshop, 17 September 2001, Montréal, Québec, Canada; no abstracts were published.)
MATERIALS AND METHODS
HL60 culture and differentiation. HL60, a human promyelocytic leukemia cell line, was obtained from the American Type Culture Collection and was maintained in RPMI 1640 (Gibco-Invitrogen, Burlington, Ontario, Canada) supplemented with 20% heat-inactivated fetal bovine serum (HyClone, Logan, Utah) (growth medium). To differentiate cells along the granulocytic pathway, cells were seeded at a density of 3 ϫ 10 5 to 4 ϫ 10 5 cells/ml in growth medium supplemented with 0.7% dimethyl formamide (Sigma-Aldrich, Oakville, Ontario, Canada) and differentiation was allowed to proceed for 4 days. This regimen was chosen for experiments after preliminary studies demonstrated that it was optimal for the generation of a homogeneous population of cells (determined by the expression of cell surface markers, described below) and capable of potent candidacidal activity (microscopic examination of Candida colony formation in the presence and absence of HL60 granulocytoids, data not shown).
Flow cytometry. The expression of cell surface antigens (CD13, CD14, CD11b, CD16b, CD116, and mannose receptor) was determined during the course of differentiation by measuring the binding of fluorescein isothiocyanate-or phycoerythrin-conjugated antibodies anti-CD13 (MY-7) (Coulter Immunology, Hialeah, Florida) anti-CD116, anti-CD14 anti-CD11b, and anti-CD16b (Cedarlane Laboratories Limited, Hornby, Ontario, Canada), and anti-mannose receptor (Immunotech, Marseille, France) by flow cytometry. Differentiated cells at a density of 10 6 cells/ml were incubated with antibody according to the manufacturer's instructions. Excess antibody was removed by washing the cells once with phosphate-buffered saline (PBS). Specific antibody binding was measured in terms of total fluorescence of the cell population with an EPICSXL-flow cytofluorometer (Beckman Coulter, Fullerton, Calif.) compared to the binding of a fluorescein isothiocyanate-or phycoerythrin-labeled isotypic negative control (Cedarlane Laboratories Limited, Hornby, Ontario, Canada).
Isolation of human PMNL. Human PMNL were isolated from pooled venous blood of five healthy human volunteers. All procedures were carried out according to guidelines established by the National Research Council Human Ethics Committee (protocol number . PMNL purification was carried out with discontinuous Percoll-serum gradient as described by Read et al. (62) . Briefly, whole blood, mixed with 3.8% sodium citrate (10:1), was centrifuged at 220 ϫ g for 20 min at room temperature. The plasma was removed and the cells were resuspended in 5 ml of 6% dextran T-500 (Amersham Biosciences, Uppsala, Sweden) in a final volume of 50 ml of saline solution. Red cells were allowed to settle for 30 min at room temperature. The cells in the red cell-free layer were washed twice with PBS. The washed cell pellet was resuspended in 2 ml of heat-inactivated fetal bovine serum and layered on a discontinuous Percollserum gradient with 42% and 51% Percoll (Amersham Biosciences). The gradients were centrifuged at 180 ϫ g for 12 min at room temperature. The PMNL layer was collected, washed twice in PBS, and resuspended in PBS containing 0.1% dextran T-500 to remove contaminating red blood cells. The final cell population was resuspended in growth medium at the required cell density. The cell population was greater than 99% PMNL by differential staining (ProtocolHema 3, Biochemical Sciences, Swedesboro, N.J.) and greater than 99% viable by trypan blue exclusion.
C. albicans culture. C. albicans wild-type strain SC5314 or a green fluorescent protein (GFP)-expressing strain (a kind gift from Brendan Cormack) (15) was grown overnight in YPD medium (1% yeast extract, 1% Bacto Peptone [Difco Laboratories, Detroit, Mich.], and 2% dextrose [Sigma]) at 30°C and harvested by centrifugation. The blastospores were washed twice in PBS and resuspended in growth medium at the required concentration.
Candida growth inhibition assay. To quantitate the level of killing, Candida CFU were determined after 5 h of incubation in growth medium or growth medium containing 2 ϫ 10 6 HL60 cells or HL60 granulocytoids. The incubation was carried out in a six-well dish, with 2.5 ml of growth medium per well. The number of Candida blastospores were added to each well to give MOIs of 0.1, 0.5, and 5. After 5 h of coculture, the entire contents of the well were scraped into the growth medium, mixed thoroughly, and 50 l was appropriately diluted and plated on a YPD-agar plate. Percent killing was calculated with the formula [1 Ϫ (CFU. of C. albicans in coculture/CFU. of C. albicans alone)] ϫ 100.
Microscopy. For Fig. 3 and 5, 0.7 ϫ 10 6 HL60 granulocytoids were infected with C. albicans at MOIs of 0.1, 0.5, and 5 in a 24-well plate (Fig. 3 ) and an MOI of 0.3 (Fig. 5 ). An MOI of 0.3 was chosen when longer periods of coculture were required ( Fig. 4 and 5, Table 2 ). At high MOIs, extensive hyphal growth at later times complicates interpretation of the photographs; 0.2 g of 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI) (Molecular Probes, Eugene, Oreg.) was added to the culture medium to monitor cell death ( Fig. 3 and 5) . Phase contrast and epifluorescence pictures were taken with a Leica DMIRE2 inverted microscope (Leica Microsystemes Canada) equipped with a Hamamatsu cooled charge-coupled device camera at 200ϫ or 400ϫ magnification, with the appropriate filters. Openlab software (Improvision, Lexington, Mass.) was used for image acquisition. For each field, three separate pictures were taken: phase contrast, blue fluorescence (for imaging DAPI nuclear staining), and green fluorescence (for imaging the C. albicans expressing GFP) (GFP-C. albicans).
For time lapse microscopy ( Fig. 4 and Table 2 ), 0.5 ϫ 10 6 HL60 granulocytoid cells were grown in one half of a partitioned Bioptechs (Butler, Pa.) ⌬TC3 petri dish containing 0.75 ml of culture medium. C. albicans was added to HL60 granulocytoids at an MOI of 0.3. The other half contained either C. albicans alone (Fig. 4) or HL60 granulocytoids alone (Table 2 ). Leibovitz's L-15 medium (Gibco-Invitrogen) supplemented with 10% fetal bovine serum (HyClone) was used to maintain the pH at 7.2 to 7.3 during image acquisition. The temperature was maintained at 37°C with a Bioptechs controller. Still images were captured every 60 min with a Sensys cooled charge-coupled device monochrome camera (Roper Scientific, Trenton, N.J.) mounted on a DM-IRB inverted fluorescence microscope (Leica, Wetzlar, Germany). The microscope was fitted with Ludl (Hawthorne, N.Y.) Bioprecision motorized hardware: stage, focus drive and filter wheels, all hooked up to a Mac2002 controller. All filters used were from Chroma (Brattleboro, Vt. Caspase-3 activity. Caspase-3 activity was detected in whole-cell lysates from uninfected and infected HL60 granulocytoids. Twenty million HL60-derived granulocytoids were plated in a 150-mm tissue culture dish. An overnight culture of C. albicans was washed, resuspended in growth medium, and added to the HL60 granulocytoids to give an MOI of 0.3. After an incubation of 6 h at 37°C, the cells were washed with PBS and lysed in cell lysis buffer (ApoAlert caspase-3 fluorescent assay kit, Clontech Laboratories, Palo Alto, Calif.). Caspase-3 activity was assayed in the extracts with the substrate N-acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluormethyl coumarin (DEVD-AFC) and inhibitor N-acetyl-Asp-Glu-Val-Asp-aldehyde (DEVD-CHO) according to the manufacturer's instructions.
RNA extraction. Twenty million HL60-derived granulocytoids were plated in a 150-mm tissue culture dish. An overnight culture of C. albicans was washed, resuspended in growth medium, and added to the HL60 granulocytoids to give the required MOIs. After an incubation of 1 h at 37°C, the cells were scraped, centrifuged at 1,500 rpm for 5 min, and cytoplasmic RNA was prepared with a Qiagen RNeasy kit (Qiagen, Mississauga, Ontario, Canada) according to the manufacturer's instructions. Briefly, the cell pellets were lysed in a mild lysis buffer (50 mM Tris-Cl [pH 8], 140 mM NaCl, 1.5 mM MgCl 2 and 0.5% [vol/vol] Nonidet P40). C. albicans does not lyse under these conditions (data not shown). Nuclei and C. albicans were removed by centrifugation. Cytoplasmic RNA was purified with a Qiagen RNeasy column.
RNA extraction was performed in three separate experiments. The three HL60 granulocytoid control RNA samples were pooled and called the HL60 granulocytoid pool. One of the three HL60 granulocytoid samples (extraction 2) was also analyzed on its own and called the HL60 granulocytoid single. Similarly, the three RNA samples of HL60 granulocytoids exposed to C. albicans were pooled and called the HL60 granulocytoidϩcandida pool. HL60 granulocytoidϩcandida (extraction 2) was analyzed on its own and called the HL60 granulocytoidϩcandida single.
Human PMNL. The RNA isolation method described above was chosen to minimize C. albicans contamination, since intact Candida could be eliminated before the addition of chaotropic agents such as guanidinium hydrochloride. However, we were unable to extract high-quality RNA from freshly isolated human PMNL exposed to C. albicans with this method. Therefore, direct lysis in RLT buffer (Qiagen) was used to minimize RNA degradation. In this case, 20 million human PMNL were plated in a 150-mm tissue culture dish. An overnight culture of C. albicans was washed, resuspended in growth medium, and added to the PMNL to give the required MOIs. After an incubation of 1 h at 37°C, the cells were scraped, centrifuged at 1,500 rpm for 5 min, and cells were lysed directly with buffer RLT (Qiagen RNeasy kit). DNA contamination was removed by with a DNA shredder column (Qiagen), and total RNA was isolated by purification on a Qiagen RNeasy column.
Microarray analysis. The methods for preparation of cRNA directly from total RNA and subsequent steps leading to hybridization and scanning of the Hu-GeneFL gene chip arrays (Affymetrix, Santa Clara, Calif.) were provided by the manufacturer.
cDNA synthesis. Briefly, first-strand cDNA was synthesized from 20 g of total RNA with a special oligo(dT) 24 primer containing a T7 RNA polymerase promoter at its 5Ј end (from GenSet; for more information, see www.GenSet.oligos.com) in 20 l of first-strand reaction mix at 42°C for 1 h. The second strand was then synthesized in second-strand reaction mix for 2 h at 16°C. All enzymes and buffers were from Gibco-Invitrogen except RNase H and T4 DNA polymerase, which were from Fermentas MBI (Burlington, Ontario, Canada). cDNAs were extracted with phenol-chloroform, precipitated with ethanol, and then resuspended in diethylpyrocarbonate-treated water.
In vitro transcription reaction. After second-strand synthesis, biotin-labeled cRNA was generated from the cDNA sample by an in vitro transcription reaction with the BioArray RNA transcript labeling kit (Enzo Diagnostics, Farmingdale, N.Y.) with biotin-labeled CTP and UTP. The labeled cRNA was purified with RNeasy spin columns (Qiagen). Fifteen micrograms of each cRNA sample was fragmented at 94°C for 35 min in fragmentation buffer (40 mM Tris-acetate, pH 8.1, 100 mM potassium acetate, and 30 mM magnesium acetate) and then used to prepare 300 l of the hybridization mix. A biotinylated oligonucleotide, B2, that hybridizes to unique features at the center and four corners of each chip was used to orient the probe sets on the chip.
Oligonucleotide array hybridization and scanning. The cRNA hybridization mix was heated to 94°C for 5 min, equilibrated to 45°C for 5 min, and clarified by centrifugation (14,000 ϫ g) at room temperature for 6 min. Aliquots of each sample (10 g of cRNA in 200 l of the mix) were hybridized to HuGeneFL gene chip arrays (Affymetrix) at 45°C for 16 h in a rotisserie oven set at 60 rpm (gene chip hybridization oven 640 from Affymetrix). The arrays were then washed with SSPE (15 mM NaCl, 10 mM NaH 2 PO 4 ⅐ H 2 O, and 1 mM EDTA), stained with streptavidin-phycoerythrin (Molecular Probes), and washed again. The whole procedure of washing and staining was carried out in Affymetrix's gene chip fluidics station 400. Then the microarray was scanned with a gene array scanner (Agilent Technologies, Mississauga, Ontario, Canada). Average difference and expression calls for each feature on the chip were analyzed with Affymetrix gene chip analysis suite version 3.2 with default parameters. A default value of 50 was assigned to any hybridization signal of less than 50. All data points were normalized to the total fluorescence of the chip. Quantitative RT-PCR analysis. cDNA was made from 3 to 5 g of RNA with Superscript II (Gibco-Invitrogen, Burlington, Ontario, Canada) according to the manufacturer's instructions. Quantitative PCR was performed in a Light Cycler (Roche Diagnostics, Laval, Québec, Canada) with the DNA SYBR Green I reaction (Roche Diagnostics). A ␤-actin control PCR was performed in parallel in the same light cycler run. Quantitation was performed by comparison of crossing points. Thus, RNA levels for gene X were quantified relative to ACTB mRNA levels (relative level of X ϭ crossing point for X/crossing point for ACTB).
For semiquantitative analysis of changes in human PMNL infected with C. albicans, cDNA was made from 1 to 3 g of RNA with Superscript II (GibcoInvitrogen) according to the manufacturer's directions. PCR was performed for 15, 20, 25, 30, and 35 cycles, and amplified products were visualized by Southern analysis. Digoxigenin-labeled DNA fragments were used as probes (Roche Diagnostics) for hybridization and detection was performed with a digoxigenin luminescent detection kit (Roche Diagnostics) according to the manufacturer's instructions. Quantitation of the bands was performed with the NIH-IMAGE software (http://ccp14.minerals.csiro.au/ccp/web-mirrors/nih-image/nih-image/).
The sequences of gene-specific primers, MgCl 2 concentrations, and annealing temperatures are described in Table 1 .
Statistical analysis. To determine whether killing by HL60 granulocytoids (see Fig. 2 ) was statistically significant over killing by undifferentiated HL60 cells, the data were subjected to a nonparametric two-sample ranking test. The MannWhitney test was applied to C. albicans CFU obtained in the presence of HL60 granulocytoids in comparison with those in the presence of undifferentiated HL60 cells. The same test was then used to compare the level of HL60 granulocytoid-specific killing at two different MOIs.
To determine whether the difference in hyphal growth rates (Fig. 4) in the presence and absence of HL60 granulocytoids was statistically significant, hyphal growth rate was represented by the slope of the graph of hyphal length versus time. The two slopes were compared by the use of Student's t test for comparison of two slopes proposed by Jerrold H. Zar (77) .
To evaluate the changes in gene expression determined by quantitative PCR (Fig. 8 ) statistically, they were analyzed by the Mann-Whitney test.
RESULTS
Expression of cell surface markers. The expression of six cell surface markers was determined during the course of dimethyl formamide-induced differentiation with flow cytometry. These markers were chosen because of their expression on granulocytes and their roles in normal neutrophil function. They are antigens expressed on professional phagocytes (such as CD13 and CD14); antigens implicated in the phagocytosis of Candida, including complement receptor C3R (CD11b), Fc␥RIIIB (CD16b) and mannose receptor; and receptors for cytokines (granulocyte-macrophage colony stimulating factor) that are known to affect neutrophil function (CD116). Figure 1 shows the specific binding of fluorescently labeled antibodies to a day 4 differentiated cell population. By comparison to binding of the corresponding idiotypic negative control, the figure shows that the dimethyl formamide-induced neutrophils expressed the CD11b, CD14, CD13, and CD116 antigens. The differentiated cells were uniformly negative for CD16b and mannose receptor expression. Antigen expression was also monitored on days 2 and 7 of dimethyl formamide treatment (data not shown). However, a 4-day differentiation regimen was chosen because the resulting cell population was the most homogeneous in terms of cell surface marker expression and most effective at killing C. albicans (data not shown). HL60 granulocytoids mediate C. albicans killing. To determine whether HL60 granulocytoids possess candidacidal properties, Candida colony formation was evaluated after 5 h of coincubation. CFU were determined in Candida cultures grown alone, with undifferentiated HL60 cells, or with HL60 granulocytoids for 5 h (Fig. 2) . Statistical analysis of the candidacidal activities of HL60 granulocytoids and of undifferentiated HL60 cells with the Mann-Whitney test revealed that, at MOIs of 0.1 and 0.5, killing by HL60 granulocytoids was significantly elevated over that of undifferentiated cells (P value of 0.01). However, a similar analysis indicated that HL60 granulocytoids were not able to kill C. albicans to significant levels at an MOI of 5 (P value of 0.2). Although it would appear from Fig. 2 that Candida killing is more effective at an MOI of 0.1 (68% killing) than at an MOI of 0.5 (45% killing), the difference in the levels of killing at these MOIs was not statistically significant (P value of 0.2). Results presented are an average of three independent experiments. Within each experiment, each sample was analyzed in triplicate.
HL60 granulocytoids inhibit hyphal elongation. To further investigate the nature of the host-pathogen interaction, photographs were taken early in the coculture, namely 1.5 h postinfection (Fig. 3) . When GFP-expressing C. albicans was cultured at 37°C, 5% CO 2 and in serum-containing medium, hyphal formation was induced. The hyphal length of C. albicans cultured alone was not affected by cell density. (Fig. 3 , compare GFP images in last column). However, examination of the Candida in a coculture with HL60 granulocytoids revealed a decrease in hyphal growth (Fig. 3 , compare GFP images in last column with corresponding images in middle column). The extent of inhibition depended on the ratio of C. albicans cells to HL60 granulocytoid cells. At low MOIs (0.1 and 0.5) the effect was more striking than at the highest ratio tested.
Each of the panels in the first column is the result of superimposing three images: one with phase contrast, one to detect DAPI-positive cells, and one to detect GFP-expressing Candida. These images show that for MOIs of 0.1 and 0.5, most of the C. albicans population has been engulfed by the HL60 granulocytoids, either partially or entirely. At the highest MOI, it is not as easy to determine the degree of Candida internalization or hyphal inhibition, although it is clear that all the C. albicans appear to be closely associated with HL60 granulocytoids. Coculture with undifferentiated HL60 cells had no effect on hyphal growth (data not shown). There was no detectable difference in the mortality of the HL60 granulocytoid population at the three different MOIs, as assessed by DAPI staining.
Hyphal length. To quantitate the effect of HL60 granulocytoids on Candida hyphal growth, hyphal length was measured by video microscopy at intervals of 60 min. An average hyphal length was determined for all candidal cells in three microscopic fields. Figure 4 provides a quantitative measure of the hyphal growth of GFP-expressing C. albicans in the presence and absence of HL60 granulocytoids (Candida-granulocytoid ratio ϭ 0.3). In contrast to an average length of 137 m in the absence of HL60 granulocytoids, Candida in the coculture, produced hyphae averaging only 42 m at the end of the observation period (6 h). To ensure that GFP expression was not affecting the result, the experiment was repeated with wildtype C. albicans (SC5314). Similar results were obtained (data not shown). The differences were shown to be statistically significant with a Student's t test at a P value of 0.001.
HL60 granulocytoid killing by C. albicans. To determine the fate of HL60 granulocytoids exposed to C. albicans, the viability of the granulocytoid cells was determined every hour after they were infected with the GFP-expressing C. albicans cells at an MOI of 0.3. Table 2 shows that between 6 and 7 h postinfection, Candida induced a significant level of mortality in the HL60 granulocytoids. A control HL60 granulocytoid population had 85% DAPI-negative viable cells even after 16 h in culture. In sharp contrast, only 5% of C. albicans-infected HL60 granulocytoids were viable at this time. Figure 5 provides a visual appreciation of this interaction after 1.5 h (A) and 6 h (B) of coculture. We note that HL60 granulocytoids that have internalized Candida are not necessarily the ones that have taken up the DAPI stain. Of the cells that have DAPI-positive nuclei, only some have visibly ingested Candida. This would indicate either that cell death is not a direct consequence of phagocytosis of C. albicans or that the ingested particle is no longer visible because it has already been digested by the granulocytoid. In the bottom two panels, images captured at lower magnification (200ϫ) allow the reader to get a more global view of the culture. It is clear that a significantly larger proportion of cells are DAPI positive in the coculture with C. albicans than in the HL60 granulocytoids cultured alone for 6 h.
To determine whether the cause of death was apoptosis, nuclear morphology was examined in all the cells in microscopic fields chosen at random from the two populations of HL60 granulocytoids, uninfected and infected with C. albicans. In the case of the un-infected cells, out of 133 cells counted (three microscopic fields), none were DAPI positive. In con- trast, in the infected population, it was not possible to count all the cells in phase contrast due to dense overgrowth by C. albicans hyphae. Therefore DAPI-positive nuclei were counted. In eight microscopic fields, 138 positive nuclei were counted. Thirty-two of these were seen to have nuclear condensation (Fig. 5C, arrow) and in six others, nuclear fragmentation was evident (Fig. 5C, arrowhead) . The remaining 100 did not display morphological features indicative of apoptosis, but may well be in the early stages of apoptosis. Nuclear condensation and fragmentation are evident relatively late in the process (16) . These changes are clearly indicative of apoptotic death.
In addition, a 2.5-to 3.5-fold increase in caspase-3 activity was detected. Caspase-3 activity of 11.095 Ϯ 0.036 pmol/ml/ FIG. 3. HL60 granulocytoid-C. albicans interaction. GFP-expressing C. albicans were cultured either alone (right column) or with HL60 granulocytoids at the indicated MOIs, as described in Materials and Methods. Photographs were taken 1.5 h later at 400ϫ magnification. Each of the panels in the first column is a superimposition of three images: phase contrast, blue fluorescence (to visualize DAPI staining), and green fluorescence (to visualize GFP-C. albicans). Panels in the second column show the images corresponding to the green fluorescence in the first column. Panels in the last column show green fluorescence images to visualize C. albicans cultured alone at densities corresponding to the indicated MOIs.
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on August 15, 2017 by guest http://iai.asm.org/ min in uninfected HL60 granulocytoids increased to 37.27 Ϯ 0.8 pmol/ml/min. in the presence of C. albicans at an MOI of 0.3. Addition of the caspase inhibitor DEVD-CHO decreased enzyme activity to 0.14 Ϯ 0.01 pmol/ml/min, again pointing to apoptosis as the method of cell death. Determination of granulocytoid expression profiles. Since HL60 granulocytoids display both candidastatic and candidacidal activities, we wanted to characterize the effect of this pathogen on host global gene expression profiles. HL60 granulocytoids were incubated with growth medium alone or with C. albicans at an MOI of 0.5 for 1 h at 37°C and 5% CO 2 .
Comparison of the expression profiles indicated that there were very few differences between the pooled and single HL60 granulocytoid RNA samples (Fig. 6A) . Only 20 genes out of the 7,000 tested had expression levels that were different by more than 2.5-fold between the two samples. These genes were excluded from further analysis. This suggests that the differentiation regimen is reproducible. Similarly HL60 granulocytoidϩcandida pooled was not significantly different from HL60 granulocytoidϩcandida single (Fig. 6B) . However, when HL60 granulocytoid single was compared to HL60 granulocytoidϩcandida single (Fig. 6C ) or HL60 granulocytoid pooled was compared to HL60 granulocytoidϩcandida pooled (Fig. 6D) , a large number of changes were observed in both cases. Table 3 lists the changes in expression in HL60 granulocytoids subjected to an infectious challenge. Only changes greater than 2.5-fold (upregulation) or 1.9-fold (downregulation) that were reproducible in the following experiment (described below) have been listed. The table compares the results from the single versus the pooled experiments. It is important to note that these two comparisons gave very similar changes in gene expression, both qualitatively and quantitatively, again pointing to the reproducibility of the system. Finally, the expression of three genes, ␤-actin (ACTB), phosphoglycerate kinase (PGK), and human secreted cyclophilin-like protein (SCYLP), was used as an internal control to verify equal input of RNA, labeling, and hybridization. It was considered important to use more than one such RNA because it is not known if they might themselves be affected by exposure to the pathogen. All three remained relatively constant through all the experiments. Therefore, the changes described are significantly over experimental variation.
Inflammatory cytokines and their targets. As shown in Table 3, expression of both interleukin-1␤ (IL1B) and tumor necrosis factor alpha (TNFA) was induced in the HL60 granulocytoids within an hour of exposure to C. albicans. A number of genes known to be regulated by these cytokines were also upregulated in response to infection. Cyclooxygenase-2 (COX2, PTGS2) encodes a key enzyme in prostaglandin synthesis and is expressed more abundantly in the infected HL60 granulocytoids. TSG6 was isolated as a TNF-␣-inducible gene and its hyaluronate-binding domain implicates it in cell-cell contact. mRNA for proteins playing a role in cell-cell signaling important in the inflammatory process are also more abundant in the presence of C. albicans. The chemokines macrophage inflammatory protein 1-alpha (MIP-1␣) and exodus (MIP-3␣, are examples of such proteins.
Cell cycle and apoptosis. A number of genes encoding products known to mediate a cell-stimulatory signal were upregulated. These gene products include members of the steroid/ thyroid nuclear receptor super family such as early growth response 1, 2, and 3 proteins (EGR1, EGR2, and EGR3). Heparin-binding epidermal growth factor-like growth factor (HBEGF), which is a member of the epidermal growth factor (EGF) family of growth factors and that can bind the EGF receptor and induce mitogenic and/or chemotactic activities, was also upregulated. Extracellularly regulated kinase 3 (ERK3), a mitogen-activated protein kinase, was also induced in response to C. albicans. Genes encoding orphan receptors such as nerve growth factor induced-B (NGFI-B, also known as TR3 and Nur77), transcriptionally inducible nuclear receptor (TINUR), mitogen-induced nuclear orphan receptor (MINOR, also known as NOR1), and NOT are upregulated. Members of this family are known to mediate both cell proliferative and apoptotic stimuli. Downregulation of CEBPA. As seen in Table 3 , CCAAT enhancer binding protein alpha (CEBPA) mRNA levels were 5-to 6-fold lower in HL60 granulocytoids exposed to C. albicans than in uninfected HL60 granulocytoids. C/EBP-␣ controls the expression of a number of myeloid-specific gene products, including antimicrobial proteins such as the human neutrophil peptide-1 (HNP1, DEFA1) defensin and neutrophil elastase (N.E., ELA2). We therefore expected to see downregulation of these genes as a consequence of the observed downregulation of CEBPA expression. This was not the case for a number of known C/EBP-␣ targets. We thus determined if exposure to higher MOIs of Candida caused more marked downregulation of the upstream factor. This in turn might result in a more significant decrease in the expression of downstream target genes. In addition, we had observed an MOIdependent decrease in candidacidal activity. The two factors prompted us to determine the expression profiles of HL60 granulocytoids exposed to two different MOIs of Candida.
HL60 granulocytoid response to different C. albicans MOIs. To determine whether exposure of HL60 granulocytoids to higher MOIs of C. albicans may affect the expression of some genes, RNA was prepared from HL60 granulocytoids exposed to C. albicans at MOIs of 0.1 and 5. Comparison of HL60 granulocytoid expression profiles with the Affymetrix gene chips under these two conditions showed that there were in fact genes whose expression was lower at an MOI of 5 than at MOI of 0.1. In support of the data in Table 3 , CEBPA, coding for a myeloid-specific transcription factor is one such gene (Fig. 7A) . Interestingly the expression of CEBPA target genes encoding antimicrobial proteins such as HNP1, N.E., myeloperoxidase (MPO), and bactericidal/permeability increasing protein (BPI) followed the same pattern. Other genes that had a similar expression profile were the cellular homologue of the avian myeloblastosis virus transforming gene (CMYB), plasminogen activator inhibitor type 2 (PAI2), and protein C (PC). While these results do not allow us to conclude that active downregulation has taken place, they are consistent with the downregulation observed in Table 3 .
In contrast, a number of genes were more highly expressed at the high MOI (5) than at the low MOI (0.1). This list was very similar to the one generated when only one Candida MOI was tested (Table 3) . Thus, genes implicated in cell fate determination such as the early response genes and nuclear steroid orphan receptors are more highly expressed at the high MOIs. Expression of inflammatory cytokines and their targets follow the same pattern (Fig. 7C) . Figure 7B shows changes in expression levels for ACTB, PGK, and SCYLP. They remained essentially unchanged during the host-pathogen interaction.
Confirmation of microarray data by quantitative RT-PCR. As confirmation of data generated by microarray analysis, changes in expression of four genes were verified by quantitative PCR with a Light Cycler. As shown in Fig. 8 , the expression of HNP1 and N.E. was downregulated upon exposure to C. albicans at all MOIs. By contrast, the expression of HBEGF and PAC1 was induced in an MOI-dependent fashion. pression with respect to uninfected HL60 granulocytoids were statistically significant at all the MOIs tested and for all the genes studied (P value of 0.01) with the Mann-Whitney test.
Changes in human PMNL gene expression during an infectious challenge. Since this study revealed changes in the expression of genes not previously associated with the response of granulocytes to an infectious challenge, it was considered important to verify some of them in primary human cells. As a first step, the human PMNL-C. albicans interaction was studied with the parameters established by HL60 granulocytoidCandida coculture experiments. Microscopic evaluation of C. albicans colony formation and hyphal growth in the presence and absence of host cells revealed that, at the lower MOIs (0.1 and 0.5), human PMNL expressed stronger antifungal activity than the in vitro model, HL60 granulocytoids. At an MOI of 5, however, these differences were less evident (data not shown).
To measure changes in gene expression, human PMNL were exposed to C. albicans at MOIs of 0.1, 0.5, and 5 under the same conditions that were used for HL60 granulocytoid infection. RNA was extracted after 1 h of coculture as described in Materials and Methods. To confirm that the preparation was free of C. albicans nucleic acid contamination, RT-PCR analysis was performed with primers specific for C. albicans actin (60) . Comparison of amplified product from PMNL cDNA with that from known amounts of total C. albicans cDNA indicated that the highest level of contamination was between 1 and 10 ng in 1 g of PMNL RNA (Fig. 9A ). This level of contamination does not change the amount of starting material significantly. In addition, none of the primers used for amplification of human genes shared significant homology with sequences in the C. albicans genome and did not give any specific amplification product when tested in a PCR with C. albicans cDNA (data not shown).
Human PMNL RNA was used in a semiquantitative RT-PCR analysis where amplification of each gene was monitored at 15, 20, 25, 30 , and 35 cycles to determine relative amounts of the relevant transcript under subsaturating conditions of amplification. Shown in Fig. 9B are the results of Southern analysis for two of the most informative conditions. Upregulation of TNFA, TR3, and PAC1 was evident at both 15 and 20 cycles. Southern analysis of PCR-amplified N.E. revealed an upregulation at the lower MOIs, which was absent at the highest MOI, a Changes in expression of individual genes in HL60 granulocytoids exposed to C. albicans at an MOI of 0.5:1 for an hour. Data are expressed as the ratio of expression in HL60 granulocytoids exposed to C. albicans over expression in HL60 granulocytoids. Data in the column single resulted from the ratios of expression in samples HL60 granulocytoid ϩ candida single over HL60 granulocytoid single. Data in the column pooled resulted from the ratios of expression in samples H160 granulocytoid ϩ candida pooled over HL60 granulocytoid pooled.
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on August 15, 2017 by guest http://iai.asm.org/ 5. A similar profile was noted for PAI2, although the changes were not as pronounced. HNP1 was downregulated upon the addition of C. albicans, even at the low MOIs. Figure 9 also shows upregulation of ACTB at both 15 and 20 cycles. To determine whether this was truly an upregulation or whether the differences in ACTB levels reflected differences in starting material, another housekeeping gene, S28, was chosen. Figure  9B shows that S28 levels were relatively constant.
DISCUSSION
We have studied the interaction of HL60 granulocytoids with C. albicans in an in vitro infection model. Granulocytic differentiation of HL60 myelomonocytic cells results in a granulocyte-like cell population that has been previously extensively characterized (7, 12, 29, 53) . The differentiated cell population expresses a number of cell surface markers implicated FIG. 7 . Graphic representation of RNA levels. Panel A shows genes whose expression levels were higher in HL60 granulocytoids exposed to C. albicans at an MOI of 0.1 than in HL60 granulocytoids exposed to C. albicans at an MOI of 5. Panel B shows genes whose expression levels remained unaffected in HL60 granulocytoids on exposure to C. albicans (internal controls). Panel C shows genes whose expression levels were lower in HL60 granulocytoids exposed to C. albicans at an MOI of 0.1 than in HL60 granulocytoids exposed to C. albicans at an MOI of 5. in normal granulocyte function. Although one of these, CD16, was not detected, this is not expected to affect our results since antibody-mediated phagocytosis should not play a major role in our system. Importantly, the pattern of cell surface antigen expression shows that these cells are a homogeneous population. Before studying changes in gene expression upon Candida challenge, we verified that the HL60-derived granulocytoids used in this study are comparable to a true PMNL population, in that they recognize, phagocytose and kill Candida In addition, hyphal growth in a C. albicans population that is cocultured with HL60 granulocytoids is significantly impaired. Finally, our studies show that, like true human neutrophils (67), they themselves undergo apoptosis on exposure to C. albicans. Therefore, in terms of both the homogeneity of the population and their functional characteristics, the HL60-derived granulocytoids provided an attractive model to study granulocyteCandida interactions. Moreover, undifferentiated HL60 cells do not possess any significant level of microbicidal activity. Therefore, the possibility of using the immature progenitors as a negative control makes it possible to distinguish nonspecific effects of the presence of mammalian cells from the more specific elements of the host-pathogen interaction.
These studies allowed us to identify three Candida-host cell ratios, such that, at the lowest ratio, HL60 granulocytoids were much more effective in killing C. albicans than at the highest one (Fig. 2) . To gain insight into the molecular mechanisms underlying these interactions, we determined HL60 granulocytoid gene expression profiles during their interaction with C. albicans under different degrees of infectious challenge. The initial experiments allowed us to determine the time frame in which changes in gene expression may be relevant. We observed that within 5 h of coculture, HL60 granulocytoids can cause significant Candida killing (Fig. 2 ) and close to this time (6 to 7 h), viability in the HL60 granulocytoid population is significantly reduced (Table 2 and Fig. 5 ). Therefore all gene expression profiles were measured early in the interaction (1 h postinfection).
The first step was to determine whether the granulocytic differentiation of HL60 cells and their interaction with Candida was reproducible enough to make this study feasible. RNA was analyzed either individually or as a pooled sample. Samples were pooled with the idea that if differentiation was very variable, many differences would be apparent between the individual and the pooled sample. This was not the case. Perhaps even more importantly, pooled samples were used to reduce background biological variation. It has been reported that expression of certain genes is exceptionally sensitive to small changes in the microenvironment such that expression could be upregulated at one time and downregulated at another time, even though identical conditions were used (31, 76) . Therefore changes were considered to be significant only if they were seen in the pooled samples also. Furthermore, when additional experiments were carried out with different Candida MOIs, the expression of the same genes was affected. This again indicates that the HL60 granulocytoids were responding similarly and that the hybridization to the microarray was reproducible. Moreover, some of the key changes observed in HL60 granulocytoids were also seen with human PMNL exposed to Candida, pointing to the significance of these changes.
Of the genes tested, the most notable exception was ACTB in that it was upregulated during the human PMNL-Candida interaction (Fig. 9B ) but stayed relatively constant in HL60 granulocytoids under similar conditions. Induction of ACTB in the early phase of the host-pathogen interaction is not surprising given its role in microbial pathogenesis (27) and regulation of transcription (35, 51) . However, upregulation of ACTB was not detected in HL60 granulocytoids infected with C. albicans by either microarray (Fig. 7B) or quantitative RT-PCR analysis. Whether this reflects a minor difference between the two cell types, for instance, a difference in the time required for induction, or whether it is indicative of a more basic difference in the response of the two host cells to infection with Candida is not clear. However, it is unlikely to represent a major difference in the response of the two cell types given that more similarities (TNFA, PAC1, TR3, HNP1, N.E., PAI2) were detected than differences.
An important part of the host's response to an infectious challenge is to prolong the life of normally short-lived neutrophils (43) and inflammatory mediators such as IL-1␤ participate in this response (14) . The observed increase in IL-1␤ expression in HL60 granulocytoids exposed to C. albicans may be representative of a similar phenomenon.
IL-1␤ (20) and TNF-␣ (3, 22, 75) are well known mediators of the inflammatory process and known to be expressed by neutrophils during an infectious challenge. Therefore, as expected, TNFA expression is upregulated in human PMNL within an hour of infectious challenge with C. albicans (Fig.  9B) . IL1B, TNFA and their targets, COX2 (57), MIP1A, MIP3A (64) , and tissue factor (TF) (6) , are all upregulated in HL60 granulocytoids in response to a C. albicans challenge ( Table 3) . The observed expected upregulation of an inflammatory response in HL60 granulocytoids further supports their choice as a model for studies on host-pathogen interaction. A similar spectrum of genes was upregulated in human dendritic cells (TNFA, IL1B, COX2, MIP1A) during the early phase of infection by C. albicans, Escherichia coli, and influenza virus (30) and in PMNL (MIP3␣, GROB, TNFA and MIP1␣) during phagocytosis of immunoglobulin G and complement-coated beads (40) .
Thus, there is an induction of an inflammatory response that is directly proportional to MOI. Why then are Candida not being killed as efficiently at the higher MOIs? We note that a number of genes encoding known antimicrobial products are not induced in this MOI-dependent fashion. In fact, the MPO, HNP1, and N.E. genes are less well expressed when neutrophils are exposed to a Candida MOI of 5 than when they are exposed to an MOI of 0.1.
Myeloperoxidase may play a major role in the neutrophils defense against C. albicans by provoking hyphal damage (19) since the hyphal form is more difficult to phagocytose and then kill (47) . Interestingly, at higher MOIs, there is less myeloperoxidase RNA. It is tempting to speculate that Candida may have evolved a mechanism to downregulate the expression of proteins such as myeloperoxidase to escape the host cells.
The gene for human neutrophil protein 1 (HNP1), a defensin, is also expressed less well at an MOI of 5 than at an MOI of 0.1. HNP1 is expressed primarily in neutrophils and its expression is driven by the myeloid-specific CCAAT enhancer binding protein C/EBP-␣ (34). Interestingly, we observed a lower level of CEBPA mRNA at an MOI of 5 than at an MOI of 0.1, and this may be responsible for the observed similarities in the expression pattern of the HNP1 mRNA.
Serprocidin family serine proteases participate in the antimicrobial activity of the neutrophil either through their proteolytic activity, or by perturbation of membranes by direct insertion (72) . The serprocidin family member neutrophil elastase (N.E.) has only modest direct antimicrobial effects. However, it can manifest microbicidal activity indirectly by cleaving cathelicidin proforms to generate active antimicrobial peptides (9) . It is also expressed less well at an MOI of 5 than at an MOI of 0.1 in our studies with HL60 granulocytoids during an infectious challenge with Candida. CEBP-␣ and c-Myb, two factors that have been implicated in control of N.E. gene expression (5), share the same expression pattern.
Thus, most known anticandidal genes are not as efficiently expressed in HL60 granulocytoids exposed to a high C. albicans MOI as when the cells are exposed to a low MOI of Candida. This is suggestive of a mechanism by which Candida overcomes the host response. The fact that in primary human cells, too, the expression of both HNP1 and N.E. appears to be modulated by high Candida MOIs makes this observation particularly interesting and worthy of further study. Although HNP1 and N.E. are downregulated at all three MOIs in HL60 granulocytoids (Fig. 8) , in human PMNL, HNP1 is downregulated but N.E. appears to be upregulated at MOIs of 0.1 and 0.5 and downregulated only at the highest MOI (MOI ϭ 5).
It is not clear why changes in Candida MOI do not appear to affect N.E. expression in the same way in HL60 granulocytoids and PMNL. It is possible that the higher level of N.E. expression in resting PMNL and/or a stronger induction on infectious challenge require a higher MOI of the pathogen to modulate it. Perhaps, there is in fact an upregulation of N.E. gene expression in HL60 granulocytoids exposed to low MOIs but these MOIs are lower than 0.1 and have therefore been missed in this study. If N.E. was required for growth inhibition of Candida, the observation that at lower MOIs freshly isolated PMNL are more potent than HL60 granulocytoids is consistent with this scenario.
Yet another mRNA whose expression is modulated by Candida is the protease inhibitor PAI2. While the gene for the protease urokinase-type plasminogen activator (PLAU) (4, 41) is more highly expressed in HL60 granulocytoids exposed to a Candida MOI of 5 than in HL60 granulocytoids exposed to an MOI of 0.1, the gene for its inhibitor (PAI2) is not. This situation could lead to enhanced degradation of the extracellular matrix that could be exploited by the pathogen to penetrate host tissue.
Another role for PAI2 is in the inhibition of apoptosis. PAI2 has been implicated in the inhibition of apoptotic death of macrophage infected with Mycobacterium avium (26) . Loss of phagocytic cells has obvious deleterious consequences for the innate immune system and therefore molecules such as PAI2 have an important role in preserving it. Perhaps blocking PAI2 induction is a strategy that Candida employs to decrease the anti-apoptotic activity in the cell. Of interest in this respect is a recent study by Kobayashi et al. (40) , where global gene expression profiles were measured in human polymorphonuclear leukocytes during phagocytosis of IgG and complementcoated beads. Both in the study by Kobayashi et al. and in our model, the host cells undergo cell death on activation. A family of genes encoding orphan receptors TR3, NOR-1, and NURR1 in PMNL is upregulated in both systems. In addition we have verified that TR3 is also upregulated in primary human cells, PMNL, upon an infectious challenge with C. albicans. TR3 has been reported to mediate both cell proliferative and apoptotic stimuli (46) . However, it is tempting to implicate this family of genes in host cell apoptosis as has been done by Kobayashi et al., since they are known to be crucial for T-cell and macrophage (37) apoptosis. Moreover, cell death follows soon after their induction in PMNL (36) during phagocytosis and on exposure to Candida (this study).
A number of pathogens downregulate host processes that are antagonistic to pathogen growth and survival (17, 18, 28, 54) . Our studies also indicate that C. albicans may modulate host gene expression to its advantage by inhibiting the activation of microbicidal pathways. In support of this, Cryptococcus neoformans and C. albicans produce immunomodulatory prostaglandins (56) and Candida has been shown to release an immune modulator that blocks neutrophil killing (70) . Our studies provide insight into the molecular mechanisms underlying immunosuppression.
In conclusion, our results demonstrate an upregulation of an inflammatory response and a downregulation of the anti-Candida responses of HL60-derived neutrophils in an MOI-dependent fashion. We have also verified some of these changes in freshly isolated human PMNL infected with C. albicans. HL60 granulocytoids thus represent a valid model to study granulocyte-Candida interactions. Our study reveals a number of changes in gene expression that may reflect the survival strategies of the two cell types during host-pathogen interaction.
